Pectin, a plant polysaccharide, is mostly a linear homopolymer of poly(1-4)-a-D-GalpA with <5% neutral sugars: its molecular size has a broad distribution around 400 kDa, and the degree of esterification is <5%.
The structure of the capsular polysaccharide of Salmonella typhi (Vi) differs from pectin in that it is N acetylated at C-2 and 0 acetylated at C-3, and has a molecular size of -2 x 103 kDa. There is no serological cross-reaction between pectin and Vi. Pectin, when 0 acetylated at C-2 and C-3, is antigenically identical to Vi in double immunodiffusion. Unlike Vi, 0-acetylated pectin (OAcPec) is not immunogenic in mice, probably because of its comparatively low molecular weight. After storage at 3 to 8°C for 3 months, there was no change in the O-acetyl content or the Mr of OAcPec. At 60°C, the Mr of OAcPec declined more rapidly than that of Vi. OAcPec conjugated to tetanus toxoid elicited Vi antibodies in mice, and reinjection elicited a booster response.
The levels of Vi antibodies elicited by OAcPec-tetanus toxoid conjugates were lower than those elicited by Vi conjugates, but these differences were not statistically significant. OAcPec has some advantages because it can be measured by standardized colorimetric assays and because it forms more soluble conjugates with proteins than does Vi. One disadvantage is that its glycosidic bond is not as stable as that of Vi. The use of a plant polysaccharide, pectin, as an immunogen for prevention of a systemic infection caused by a capsulated pathogen (S. typhi) provides a novel approach to improve the preparation and immunogenicity of polysaccharide-based vaccines.
The capsular polysaccharide (Vi) is both an essential virulence factor and a protective antigen of Salmonella typhi (20) .
Field trials in Nepal and in the Republic of South Africa showed that a single injection of Vi conferred about 70% protection against typhoid fever in older children and in adults (1, 14) . Its protective action is to elicit a critical level of serum antibodies.
The limitations of Vi as a vaccine are (i) there is only -70% efficacy in individuals 5 to 45 years old, (ii) there is an age-dependent serum antibody response (Vi elicited a comparatively short-lived antibody responses in 2-to 5-year-old children and only low levels of antibodies in a fraction of children <2 years old), and (iii) reinjection did not elicit a booster response (T-cell independent) (15, 20) . To increase its immunogenicity and to induce T-cell dependence, Vi was conjugated to proteins (24, 25, 27) . A clinical trial in adults in the United States showed that Vi conjugates elicited significantly higher levels of serum antibodies than did Vi alone (27) .
Vi is a linear homopolymer of (1-4)-a-D-Ga4pANAc, variably 0 acetylated at C-3 ( Fig. 1) (13, 20, 25) . Synthesis of Vi conjugates posed several problems. First, the high Mr of Vi (-2 x 103) causes conjugates to be poorly soluble. Second, standardization of Vi conjugates has been hindered by a lack of a colorimetric method for quantification of this polysaccharide (22) . Here, we investigated pectin as an immunogen for Vi. Pectin, a common polysaccharide of plants, is a homopolymer composed mainly of poly(1-*4)-ct-D-GalpA ( Fig. 1) (19) ; it has <5% neutral sugars. Treatment of pectin with acetic anhydride * Corresponding author. results in 0 acetylation of C-2 and C-3 (6, 23). The monomeric structure of 0-acetylated pectin (OAcPec) differs from that of Vi only in that its C-2 is 0 rather than N acetylated. As a result, OAcPec can be measured by the carbazole reaction. Pectin does not react with Vi antiserum and does not elicit Vi antibodies in animals. OAcPec, in contrast, as shown by Szewczyk and Taylor, precipitates with Vi antiserum (23) . Unlike Vi, OAcPec is not immunogenic in laboratory animals, probably because of its comparatively low molecular weight (-400) (17) . We conjugated OAcPec to proteins according to a scheme used for Vi and other polysaccharides containing an aminohexuronic acid (10, 26 (20) .
Analytic methods. The molecular sizes of polysaccharides and conjugates were measured with a Superose 6 high-pressure liquid chromatography (HPLC) column (1 by 28 cm) in 0.02 M sodium phosphate buffer containing 0.1 M Na2SO4 (pH 7.0) at 0.5 ml/min. Carboxyls were measured by the carbazole reaction with pectin as a standard (3, 28) . O-Acetyl was measured with acetyl choline as a standard, and the results are expressed as moles per mole of GalA (12) . Sulfhydryl was determined with cysteine as a standard (8) . Protein was determined with bicinchoninic acid, using BSA as a standard (21) , and nucleic acids were determined by A260 (29) . 13C nuclear magnetic resonance spectroscopy was performed with a General Electric GN300 spectrometer at room temperature (25) . Chemical shifts are relative to external Na-3(trimethylsilyl)propionate-2,2,3,3-d.
Polysaccharides. Pectin was dissolved in PFW (10 mg/ml) at 60°C for 1 h, cooled to room temperature, and adjusted to pH 7.0 with 1 M NaOH. The polysaccharide was precipitated twice with 75% ethanol and then freeze-dried. Pectin so treated contained less than 1% protein and nucleic acid (29) . 0 acetylation of pectin was performed as described previously (6) . Briefly, pectin (1 g) was suspended in formamide (20 mg/ml) at 50°C for 1 h, 20 ml of pyridine was added and mixed, and the mixture was cooled to room temperature. Acetic anhydride (15 ml) was added dropwise with mixing at room temperature for 2 h. The reaction mixture was dialyzed at 3 to 8°C against multiple changes of deionized water and freezedried. The degree of 0 acetylation was -50% of the theoretical yield (12) . To obtain a higher degree of 0 acetylation, the OAcPec was subjected again to the same procedure. The final product was passed through a column (2.5 by 50 cm) of Sephadex G-50 in PFW at -2 ml/min, and the void volume peak was passed through a sterile 0.45-[Lm-pore-size membrane and freeze-dried. This preparation contained -1.6 mol of O-acetyl per mol of GalA, or 80% yield.
Vi was purified from Citrobacter freundii WR7011 (gift of Lewis Baron, Walter Reed Army Institute of Research, Washington, D.C.) (13, 25 Proteins. TT, a gift from the Statens Seruminstitut, Copenhagen, Denmark, was passed through a column (5 by 95 cm) of Sepharose CL-4B in PFS, and fractions corresponding to a molecular size of 160 kDa were pooled and concentrated (26, 27) . P. aeruginosa recombinant exoprotein A (rEPA) was purified from the genetically engineered Escherichia coli strain BL21(^yDE3) as described previously (9) Vi antibodies were measured by enzyme-linked immunosorbent assay (ELISA), using pooled hyperimmune mouse sera, quantitated by radioimmunoassay, as the standard (1) .
Immunization. Female 16-to 20-g general-purpose mice from the National Institutes of Health colony were injected subcutaneously one, two, or three times at 2-week intervals with 2.5 ,ug of the polysaccharide alone or as a conjugate. Ten mice from each group were exsanguinated 2 weeks after the first injection and 1 week after the second and third injections. Controls included mice injected with saline, Vi, or OAcPec.
Statistical analyses. Logarithms of antibody concentrations were used for all calculations. Antibody concentrations below the sensitivity of the ELISA were assigned one-half of that value. Comparisons of geometric means were performed by unpaired t tests. The Statistical Analysis System was used for all data analyses.
RESULTS
Physicochemical characterization of OAcPec. 0 acetylation ranged from 0.1 to 1.6 mol/mol of GalA for pectins. Unless specified, the OAcPec described below had 1.6 mol of 0-acetyl/mol of GalA. Assuming that the 0-acetyl groups are distributed equally between C-2 and C-3, at least 60% of the GalA are di-O acetylated, while 20% are mono-O acetylated. We were unable to quantitate the neutral sugars in our pectins by colorimetric methods.
13C nuclear magnetic resonance spectra of OAcPec showed more than two signals observed with acetyl methyl resonances, indicating that mono-and diacetylated species are present; non-O-acetylated residues could, however, be present (Fig. 2) . The molecular size of OAcPec, similar to that of the pectin, had a broad distribution, with the major peak -400 kDa (Fig.   3 ). Unlike pectin, OAcPec was soluble in 0.15 M NaCl and did not form a gel in the presence of Ca2". Molar absorbances in the carbazole assay were 1.32 X 103 for OAcPec, 1.61 x 103 for pectin, and 1.63 x 103 for GalA. The differences between pectin and GalA were <5% and are probably due to neutral sugars or the esterified GalA in pectin. Vi, in contrast, did not react in the carbazole assay.
Pectin did not react with antiserum B-260 in double immunodiffusion. OAcPec, in contrast, formed a line of identity with Vi (Fig. 4) tetrabutylammonium. At lower degrees of 0 acetylation (0.4 to 0.9 mol of 0-acetyl/mol of GalA), 0-acetylated pectin also yielded a line of identity with the Vi (not shown). No precipitation in double immunodiffusion was observed when the 0 acetylation of pectin was s0.2 mol/mol of GalA. Quantitative precipitation showed that both Vi and OAcPec precipitated 2.6 mg of antibody per ml from antiserum B-260 (Fig. 5) .
Stability of the O-acetyls of OAcPec and Vi. The thermostabilities of the O-acetyls were similar for OAcPec and Vi. Following storage at 3 to 8°C for 12 weeks, there was no change in the concentration of O-acetyls for Vi and OAcPec: at 22°C, 0-acetyls declined to 93% for Vi and to 88% for OAcPec, and at 60°C, only 12 and 10% of the 0-acetyls remained on Vi and OAcPec, respectively (Fig. 6) .
Stability of molecular size. The stabilities of glycosidic linkages of the polysaccharides were studied by gel filtration. There was no change in the molecular size of OAcPec at 3 to 8°C for 3 months. After storage of OAcPec at 60°C for 3 months, the molecular size decreased from 400 to 30 kDa (not shown). In contrast, the Vi was more stable: little depolymerization was observed after incubation at 60°C for 2 weeks, and the molecular size shifted from 2 x 103 to 500 kDa after 3 months.
Characterization of the conjugates. The degrees of thiolation were 4% for OAcPec and 1.3% for Vi. The HPLC profile of OAcPec-TT is shown in Fig. 3 portion of OAcPec were eluted in the void volume. In several experiments (not shown), the final yields of the conjugates were 26% for OAcPec-TT and 10% for Vi-rEPA, based upon recovery of the saccharide. The polysaccharide/protein ratios were 0.4 and 0.8 for OAcPec-TT and 0.2 for Vi-rEPA (Table   1 ).
Vi antibodies. As reported previously, Vi elicited serum antibodies in mice after one injection, and reinjection did not elicit a booster response (16, (24) (25) (26) (27) . Neither pectin nor OAcPec elicited Vi antibodies after any injections. After one injection, the conjugates elicited similar levels of antibodies. Following the second injection, the conjugates elicited a booster response (P < 0.001), with the geometric mean antibody levels highest for Vi-rEPA (17.1) and lower for OAcPec-TT2 (7.65 ) and OAcPec-TT, (5.47) (Table 2 ). These differences, however, were not statistically significant. The third injection of all three conjugates did not elicit a booster OAcPec-TT, and OAcPec-TT2 after any of the three injections.
DISCUSSION
The antigenicity and immunogenicity of Vi depend on its N-acetyl at C-2 and O-acetyl at C-3 (20, 25) . As shown for other polysaccharides, removal of the O-acetyls eliminated most of the antigenicity and all of the immunogenicity of Vi (2, 25) . We have been unable to remove the N-acetyl selectively. Here, we mimic the structure of Vi with OAcPec.
There are three differences between the structures of Vi and
OAcPec: (i) the molecular size of Vi (-2 x 103 kDa) is greater than that of OAcPec (-400 kDa), (ii) the N-acetyl at C-2 in Vi is replaced by an O-acetyl in OAcPec, and (iii) OAcPec has <5% neutral sugars. At 3 to 80C, the stability of OAcPec, as measured by its O-acetyl content and molecular size, is similar to that of Vi. At higher temperatures, the molecular size of Vi is more stable than that of OAcPec, probably because of the stabilizing effect of a hydrogen bond between the N-acetyl and the carboxyl of the adjacent residue (25) . Since vaccines will be stored at c3 to 80C, the stability characteristics of OAcPec and Vi can be considered similar. Although they are antigenically indistinguishable, OAcPec, unlike Vi, is not immunogenic in mice, probably because of its lower molecular weight (17) . In mice, OAcPec and Vi protein conjugates elicited comparable levels antibodies: reinjection of both conjugates induced a statistically significant rise of antibodies (booster effect). OAcPec has several advantages over Vi in preparing conjugates for prevention of the typhoid fever: (i) (2--8 )-a-D-NeupNAc) (7). The cross-reaction between the mucin okra with pneumococcus type 6A polysaccharide might be another example (11) .
